play key roles in renewable energy technologies such as metal-air batteries and fuel cells. Despite tremendous efforts, highly active catalysts with low cost remain elusive. This work used metal-organic frameworks to synthesize non-precious bimetallic carbon nanocomposites as efficient ORR catalysts. Although carbon-based Cu and Ni are good candidates, the hybrid nanocomposites take advantage of both metals to improve catalytic activity. The resulting molar ratio of Cu/Ni in the nanocomposites can be finely controlled by tuning the recipe of the precursors. Nanocomposites with a series of molar ratios were produced, and they exhibited much better ORR catalytic performance than their monometallic counterparts in terms of limited current density, onset potential and half-wave potential. In addition, their extraordinary stability in alkaline is superior to that of commercially-available Pt-based materials, which adds to the appeal of the bimetallic carbon nanocomposites as ORR catalysts. Their improved performance can be attributed to the synergetic effects of Cu and Ni, and the enhancement of the carbon matrix.
INTRODUCTION
Increasing energy demands have prompted the intense investigation of sustainable, alternative energy conversion and storage systems with high efficiency and low cost, such as metal-air batteries and fuel cells [1, 2] . A lack of highly active but low-cost electrocatalysts of oxygen reduction reaction (ORR) is one of the major bottlenecks for the progress in such energy systems [2] [3] [4] . Presently, Pt-based materials are the best-known ORR catalysts because of their high efficiency, but are limited to a great extent by their prohibitive cost and low stability [4] [5] [6] . In this regard, a broad range of abundant and less expensive materials, including non-precious metals and metal-free materials, have been actively explored as catalysts for oxygen reduction [7] [8] [9] . More recently, heteroatom-doped carbon-supported materials have been considered the most promising substitutes for platinum [10] [11] [12] . The heteroatoms, especially nitrogen, have the inclination to form heteroatom-metal active sites and increase catalytic efficiency during oxygen reduction [10, 13] . In addition, the graphitization of the porous carbon matrix enhances electrical conductivity and therefore the catalytic performance [14, 15] . However, in spite of tremendous efforts, ideal materials with excellent electrochemical activity and durability are yet to be developed. The major difficulty lies in the intrinsic catalytic activity, active sites and the poor mass transport of the potential materials [16] . Current approaches to improving such materials include the tuning of active sites and the construction of nanostructures [17] [18] [19] . Therefore, despite some progress, the development of alternatives to Pt-based materials as ORR catalysts remains a huge challenge.
Porous carbons have captured great attention in a wide range of applications including electrode materials, gas storage/separation, water purification and catalyst support [20] [21] [22] [23] . The large surface area and low cost, together with good chemical stability and electrical conductivity, have made various porous carbon extensively-studied materials in the field of electrochemistry. Among all kinds of porous carbon materials, metal-organic frameworks (MOFs) are a class of hybrid functional materials, which have high surface area, porosity and tuning potential [24, 25] . Constructed from metal centers and organic linkers of great diversity, their nanoscale cavities and open structures make MOFs the ideal precursors for conversion into functional nanostructures [26, 27] . The weak thermal stability of MOFs makes it possible to preserve their porous structure, uniform element distribution, and high porosity when transformed into porous carbon via pyrolysis [15, 26, 28] . Thus, MOF-derived catalysts have been the actively studied materials with comparable or better ORR catalytic performance than Pt-based catalysts [14, 15, 29] . Among them, transition metals in porous carbon matrix have been regarded promising to replace Pt-based materials. In such materials, the porous carbon matrix greatly enhances the electron transfer efficiency and prevents metal aggregations [30] . In recent years, carbon-based bimetallic ORR catalysts appear and have swiftly become widely studied. Although the hybrid of precious metal and non-precious metal presents excellent performance [31, 32] , alloys of different non-precious metals, for instance, CuFe, FeCo, CuCo and ZnCo [14, [33] [34] [35] , also have potential because of the abundance and low cost. However, no studies have developed efficient nanocomposites that incorporate Cu and Ni as ORR catalysts. To the best of our knowledge, although Cu is not an active ORR catalyst compared to the most efficient non-noble materials, copper based enzymes are famous for their oxygen reduction reactivity [36] [37] [38] [39] . On the other hand, the extensively-studied PtM (M is transition metal such as Ni, Fe, Co) [40] [41] [42] demonstrates enhanced kinetics of the ORR than the commercial Pt/C.
Bearing this in mind, we successfully synthesized a series of bimetallic MOFs based on previous work [43] , with different ratios of Cu/Ni (denoted as CuNi-DABCO-n, where n refers to the copper concentration in the metal components). These CuNi-DABCOs served as precursors to bimetallic carbon nanocomposites (CuNi/C-n, where n again refers to Cu content), and a simple pyrolysis helped all the MOF-derived CuNi/C-n inherit porous carbon from the precursor to provide a large surface area and high graphitization degree. Remarkably, the optimized sample exhibits much better ORR catalytic performance than the individual counterparts in terms of both diffusion-limited current density and onset potential. In addition, the better long-term stability in alkaline solution than Pt/C also makes it a promising catalyst for oxygen reduction.
EXPERIMENTAL SECTION

Preparation of CuNi-DABCO-n
The synthesis of Cu-DABCO and Ni-DABCO were based on the previous study [43] . The fabrication of bimetallic precursors CuNi-DABCO-n involved certain modification. Typically, the raw materials including Cu(NO3)2•3H2O, Ni(NO3)2•6H2O, 1,4-benzene dicarboxylate (BDC) and 1,4-diazabicyclo[2.2.2]octane (DABCO) were dissolved in 60 mL of dimethyl formamide (DMF). Keeping the total amount of the nitrate salt (3 mmol) constant, the two nitrate salts were added at the desired molar ratio of Cu/Ni, which varied from 0.3 to 9. The mixture was then stirred vigorously for 20 min, followed by sonication for 20 min. Thereafter, the mixture was transferred into a Teflon-lined autoclave and heated to 120°C for 48 h. The product was separated by centrifugation and washed thoroughly with DMF for three times to completely remove the residual DMF and unreacted reagents. Finally, the product was dried overnight at 60°C prior to further use.
Preparation of CuNi/C-n
The precursors obtained above were annealed under a mixed gas flow containing 5% hydrogen and 95% argon, at 700°C for 5 h with a heating rate of 2°C min −1 . The products were then allowed to cool to room temperature.
Investigation of electrocatalytic performance
All electrochemical measurements were performed in a typical three-electrode system in 0.1 mol L −1 KOH solution. A glassy carbon (GC) electrode of 5 mm diameter (0.1963 cm −2 in surface area) served as the substrate of the working electrode. A platinum wire and a saturated Hg/HgO electrode were used as the counter and reference electrodes, respectively. To prepare the working electrode, 10 mg of the catalyst was dispersed in 1 mL of a mixture (containing 90% ethanol and 10% 5 wt.% Nafion solution). The mixture was then sonicated for 30 min to form a well-dispersed ink and 10 μL of it was dropped onto the GC surface with a pipette, with a 0.5 mg cm −2 loading concentration for all catalysts, and dried in the ambient environment. Prior to evaluation of every sample, a continuous flow was bubbled through the electrolyte for 30 min to saturate it with Ar/O2. The cyclic voltammetry (CV) and rotating disk electrode (RDE) measurements were performed in Ar and O2-saturated 0.1 mol L −1 KOH at a scan rate of 10 mV s −1 at room temperature, while linear sweep voltammetry (LSV) required the rotation speed to range from 400 to 2500 rpm. For comparison, commercial Pt-based material (Pt/C, 20 wt.% platinum) was prepared and tested in the same way. All potentials in this work were referenced to the reversible hydrogen electrode (RHE). In 0.1 mol L −1 KOH, E (RHE) = E (Hg/HgO) + 0.862 V.
For ORR catalytic efficiency, the Koutecky-Levich (K-L) equation was used to calculate the electron transfer number, n:
where i is the current density obtained from the RDE measurement; ik and id are the kinetic and diffusion-limiting currents, respectively; n represents the molar number of transferred electrons with respect to reactive species; F (96,500 ; ω is the angular velocity of the working electrode (ω = 2πN, where N is the linear rotation speed); and K refers to the reciprocal of the slope of the K-L curves.
RESULTS AND DISCUSSION
The bimetallic catalysts were synthesized via a facial two-step procedure (Scheme 1). All the precursors were synthesized by a solvothermal method based on the reported study [43] with modification. As the molar ratio of Cu/Ni increased, the obtained CuNi/C experienced a gradual color evolution from cyan to light green (Fig. S1) , while the color of all products from one batch remained consistent. This gradual color evolution firmly indicates the metal ratio variation in the three dimensional (3D) structure, and also the ratio control obtained by tuning the metal source during precursor synthesis. This can also be verified by the X-ray diffraction (XRD) patterns (Fig. S2 ) of all precursors as the similar peaks remained with different content of copper. For some reason, the crystallinity of the MOFs are not good and the peak at ca. 6°for the pure Cu-DABCO is lost. A possible explanation could be the impurity induced when stirring and harvesting the product. The precise Cu/Ni ratios were further characterized by inductively coupled plasma mass spectrometry (ICP-MS). As the representative, the result of CuNi-DABCO-80 was measured to be 84, which is quite close to the feed number. The scanning electron microscopy (SEM) images demonstrate the morphology and surface characteristics of all precursors with various metal ratios (Fig. S3) . The monometallic precursor NiScheme 1 Schematic illustration of the synthesis procedure of the CuNi/C-n.
DABCO has a sheet-like morphology (Fig. S3a) , while the Cu-DABCO exhibits a rod or needle-like shape, and most of them are stacked together, forming a layered morphology (Fig. S3g) . In addition, the prepared Ni-DABCO and Cu-DABCO samples have much smaller particle sizes of around 200 nm. With increasing copper ratios, the nanoparticles experience a gradual evolution from uniform sheets to stacked, cube-like particles, followed by a transformation to rod or needle shapes. Particle sizes also change with Cu ratio, growing from 200 nm (Fig. 1a and Fig. S3a) to~700 nm (Fig. S3e) , then back to 200 nm again (Fig. S3g) .
The CuNi/C-n catalysts were obtained by pyrolysis of the prepared CuNi-DABCO-n precursors at 700°C in a mixed gas environment (5% H2, 95% Ar). The temperature was selected to both completely decompose the MOF framework [43] and avoid further agglomeration or particle size growth [44] . The SEM images of CuNi/C-80 (Fig. 1b) , as a representative of the bimetallic carbon catalysts, show well-dispersed nanoparticles with an average particle size of 150 nm. This nanoscale particle size, which is much smaller than that of the precursor, can be attributed to the decomposition of the MOF framework and vaporization of gaseous species during pyrolysis. This small particle size to some extent increases the surface area and improves electrochemical performance. The transmission electron microscopy (TEM) images of CuNi/C-80 reveal a well-dispersed bimetallic nanoparticle in the porous carbon, without much aggregation (Fig. 1c, d) . The high-resolution TEM (HRTEM) (Fig. 1e) suggests that the two metal elements were well alloyed, since the interplane spacing of the (111) (SAED) result (Fig. 1f) demonstrates more specific bimetallic lattice information-it contains other fcc planes besides (111)-while all the interplane spacings are within the values of pure Cu and Ni. A shell of (002) graphitized carbon around the bimetallic particle can be easily identified with an interlayer spacing of 0.334 nm (Fig. 1e ) [45] . The graphitized carbon encapsulating the bimetallic nanoparticles helps provide extra stability and durability during the further investigation of electrocatalysis [46] . This carbon graphitization must come from the presence of transition metal Ni and Cu during the pyrolysis at high temperature [47] . Furthermore, the elemental mapping of CuNi/C-80 as a representative (Fig. 1g) proves the uniform and highly dispersed metal distribution in the carbon matrix after pyrolysis, which indicates a proper heating process that avoids particle aggregation and allows synergetic effects in oxygen reduction catalysis. The TEM-energy dispersive X-ray (EDX) spectrum (Fig. 1h) suggests a slight presence of nitrogen and carbon in addition to the alloys, which may contribute to the excellent catalytic performance.
The XRD patterns (Fig. 2a) reveal the composition of the MOF-derived CuNi/C-n. The patterns are aligned with respect to the increasing copper ratio. Each pattern exhibits two strong peaks which can be indexed to (111) and (200) diffractions of either fcc Cu or fcc Ni, or in between. Comparatively, the peaks' intensities are much lower for the bimetallic samples than Ni/C and Cu/C. This is because of the distortion of the precursor structure by the introduction of the second metal element. It is important to note that, with rising copper ratios, the peaks shift negatively and approach the Cu/C peaks. The shift in the XRD peaks indicates a consistent, gradual increase in copper composition before and after pyrolysis. The shift is due to the lattice expansion and shrinkage with the changing ratio of the introduced second metal element. Together with the similar results in the interplane spacing measured in HRTEM and SAED, the peak shifts verify the formation of alloys, instead of monometallic nanoparticles. The graphitization degree of the carbon matrix is proved by the Raman spectra (Fig.  2b) . The ratio of IG/ID increases with increasing copper ratio, with CuNi/C-80 attaining the maximum. The high graphitization degree comes from the presence of transition metals during pyrolysis [47] and facilitates the excellent catalytic performance of the bimetallic nanoparticles.
Surface area and pore distribution were investigated by N2 sorption/desorption measurements at 77 K. The CuNi-DABCO-80 sample exhibits a reversible type-IV adsorption isotherm (Fig. 3a) , suggesting the concurrent existence of micropores and macropores. The initial steep increase before 0.02 P/P0 suggests a quick volumetric uptake in the pores. The following platform at relatively low pressure is indicative of micropore filling. The slight hysteresis between adsorption and desorption branches suggests the existence of mesopores [48] , although few of them were characterized in the pore size distribution, and micropores make up the majority of pores (Fig. 3b) . Fig.  3b indicates that the pores in CuNi-DABCO-80 are generally within the micropore range, with diameters smaller than 3 nm. The bimetallic MOF reaches a surface area of 289.4 m 2 g −1 , which is one order smaller than that reported for Cu-DABCO and Ni-DABCO in the reference work [43] . A possible explanation could also be the introduction of the second metal element and, therefore, the distortion of the framework structure. After pyrolysis, the resulting bimetallic catalysts shrank in surface area (52.7 m 2 g −1 ) due to pore ruptures and, therefore, particle agglomeration. Certain changes also occurred to the pore size distribution of CuNi/C-80 during the pyrolysis. The majority of pores remain in the micropore range, while the pore size increases to a certain degree and mesopores appear. This pore enlargement is due to the thermal rupture of micropores and gaseous evaporation at the fairly high temperature. The presence of different kinds of pores with various sizes provides good diffusion access for oxygen to reach the active sites, which raises the oxygen reduction catalytic efficiency.
In order to assess the oxygen reduction catalytic performance of the bimetallic carbon-based catalysts, RDE measurements were conducted in the O2-saturated alkaline system at a scan rate of 10 mV s −1 , and K-L equations were used to evaluate the electron transfer efficiency. The CV curves for all samples (Fig. 4a and Fig. S4 ) exhibit a distinct oxygen reduction peak starting at ca. 0.7 V in the O2-saturated electrolytes compared with the Ar-saturated system, demonstrating the ORR catalytic activity of the designed bimetallic carbon-based materials. Some of the curves for both Ar-and O2-initial conditions also show peaks ca. 0.2 V (Fig. 4a and Fig. S4a, c, f) . These peaks can be attributed to the reduction from CuO to Cu(0) [36, 49] , indicating partial oxidization of the samples during preservation. The LSV curves collected on the RDE of different CuNi/C-n samples at 1600 rpm are displayed in Fig.  4b to investigate the optimal metal ratio for ORR catalysis. Compared to each other, the monometallic samples exhibit clear advantages-a large current density for Cu/C and a higher onset potential for Ni/C. As expected, most of the CuNi/C-n samples present much better catalytic performance, as they take advantage of both metals. Remarkably, CuNi/C-80 presents the largest current density (5.34 mA cm −2 ) and the most positive onset potential (0.73 V, same for CuNi/C-90), and both values are enhanced compared with Ni/C and Cu/C. Also, these two samples possess the highest half-wave potential of 0.61 V while the second-top value is 0.6 V for CuNi/C-0, 25 and 75. These results are all useful pieces of evidence for achieving the ultimate goal of this work, which is to verify the feasibility and effectiveness of combining the advantages of different metals with a facile synthesis method. Fig. 4c illustrates the K-L plots at different potentials. The electron transfer number, n, was calculated based on the linear K-L equation (Equations  1-3) . Taking CuNi/C-80 as the representative, the values of n for CuNi/C-n and Cu/C are ca. 4.0, which is similar to that of commercial Pt/C, indicating a dominant four-electron ORR process. Comparatively, Ni/C favors a two-electron pathway despite its higher onset potential. Together with the positively-shifted onset potential, this result suggests that the bimetallic carbon nanocomposites inherit the advantages of both metal elements, resulting in even better electrocatalytic performance. Such ORR catalysis enhancement should be attributed to the synergetic effect of the two metal elements, uniform distribution, high surface area and graphitized carbon support.
In addition to the catalytic activity enhancement, the CuNi/C-n material also exhibits excellent stability in alkaline conditions. Two sets of LSV data were collected before and after 1000 continuous potential cycles, from 0.86 to 0.46 V at a scan rate of 10 mV s −1 , in O2-saturated 0.1 mol L −1 KOH. As shown in Fig. 4e , the CuNi/C-80 presents only a slight current density loss and a slight negative shift in onset potential (7 mV). In contrast, Pt/C experiences a distinct negative shift of 44 mV (Fig. 4f) . The results here demonstrate the strong stability of the designed CuNi/C-n material, making it a reliable catalyst approaching the performance of Pt/C.
CONCLUSIONS
In summary, we successfully synthesized bimetallic MOFs CuNi-DABCO-n as precursors to bimetallic carbon nanocomposites (CuNi/C-n) with controllable metal ratios. The MOF-derived CuNi/C obtains a nanoscale particle size, high surface area and graphitic carbon from the precursor, which benefits subsequent ORR catalytic activity. Among the prepared series of samples, the CuNi/C-80 presented the best ORR catalytic activity with the largest current density, and the highest onset and half-wave potentials. It incorporates the advantages, and exceeds the performance, both of its monometallic constituents, Cu/C and Ni/C. Similar to that observed for Pt/C, the electron transfer number, n, of CuNi/C-80 (~4.0) is indicative of an efficient four-electron pathway. In addition, the high current density retention and slight negative shift in onset potential indicate that the CuNi/C-n materials have good stability in alkaline solution, making them reliable catalysts that approach the performance of Pt/C. The optimized ORR catalytic performance can be attributed to the synergetic effect of the two metal elements, uniform elemental distribution, high surface area, and a graphitized carbon matrix. This method of combining the advantages of several elements to fabricate a material with improved performance has the potential to be extended to other systems. It also shows much promise for discovering alternatives to Pt-based catalysts for the use in energy storage and conversion systems.
